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This article presents flow configurations and heat transfer characteristics in an isothermal
square channel with 301 double V-baffles. The influences of blockage ratios (b/H,
BR¼0.05–0.25) and pitch ratios (L/H, PR¼1–2) for Reynold numbers, Re¼100–1200 are
investigated numerically. The 301 double V-baffles are placed on both two opposite walls
of the square channel with in-line arrangement and each V-tip pointing downstream. The
numerical results are presented in four parts; accuracy validations, flow structures, heat
transfer behaviors and performance evaluations. It is found that the use of the double
V-baffles performs higher heat transfer rate and pressure loss than the smooth channel
with no baffle. The rise of the blockage ratio and reducing the pitch ratio lead to the
increase in heat transfer rate and pressure loss. The optimum thermal enhancement factor
is found to be about 3.2 at PR¼1, BR¼0.10 and Re¼1200.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The investigations of performance improvements in heat exchangers have been extensively reported by many
researchers. The studies can be divided into two methods; a numerical method and an experimental method. Due to the
limitations of the experimental investigation and also the high cost of materials, the investigations by using the numerical
method have been widely used for study flow visualizations and heat transfer characteristics in the heat exchanger system.
For examples, Promvonge and Kwankaomeng [1] numerical investigated the influences of 451 staggered V-baffles in a
rectangular channel on flow configurations and heat transfer characteristics of the laminar regime at Re¼100–1200. They
reported that the use of V-baffle can induce a pair of vortex flows called “P-Vortex” that helps to increase in heat transfer
rates and thermal performance in the heating system. They also concluded that the thermal enhancement factors are
around 2.6 and 2.7 for the V-upstream and V-downstream, respectively. Kwankaomeng and Promvonge [2] studied the
thermal performance improvement in a square channel with 301 inclined baffle on one wall by using the numerical method.
They found that the maximum Nusselt number ratio and thermal enhancement factor over the range studied are found to
be about 7.9 and 3.1, respectively, for BR¼0.3 and PR¼1.5 at the highest Reynolds number, Re¼2000. Promvonge et al. [3]
numerical studied the 301 inclined baffles placed on both the upper and lower walls of the square channel. They claim that
the inclined baffles generate counter-rotating vortex flows over the test channel for all cases and the maximum thermaler Ltd. This is an open access article under the CC BY-NC-ND license
.
aratanachai).
Nomenclature
BR flow blockage ratio, (b/H)
b baffle height, m
D hydraulic diameter of square channel, m
f friction factor
h convective heat transfer coefficient,
W m2 K1
k thermal conductivity, W m1 K1
L cyclic length of one cell (or axial pitch length,
H), m
Nu Nusselt number (¼hD/k)
p static pressure, Pa
Pr Prandtl number (Pr¼0.707)
PR pitch or spacing ratio, L/H
Re Reynolds number (¼ρUD/μ)
T temperature, K
ui velocity in xi-direction, m s1
U mean velocity in channel, m s1
Greek letter
m dynamic viscosity, kg s1 m1
Γ thermal diffusivity
α baffle inclination angle or angle of
attack, degree
TEF thermal enhancement factor (¼(Nu/Nu0)/(f/
f0)1/3)
ρ density, kg m3
Subscript
0 smooth channel
in inlet
pp pumping power
w wall
W. Jedsadaratanachai, A. Boonloi / Case Studies in Thermal Engineering 4 (2014) 118–128 119performance is around 4. Promvonge et al. [4] presented that the use of 451 inclined baffles on one wall performs higher
heat transfer rate and thermal performance with less pressure loss than the 901 baffle. Sripattanapipat and Promvonge [5]
studied the influences of diamond-shaped baffles on heat transfer and pressure loss for laminar regime, Re¼100–600. They
summarized that the diamond baffles with the flow attack angles of 5–101 give better thermal performance than the flat
baffle for all Reynolds number values. Lei et al. [6] presented the influences of helical baffles in a heat exchanger with
various configurations. They found that the two-layer helical baffles perform better thermal performance than the single-
helical baffle. Ary et al. [7] studied on both numerical and experimental methods for inclined perforated baffles on flow
structures and heat transfers in a rectangular channel. They reported that the two baffles perform the best thermal
performance in comparison with other cases. Lei et al. [8] numerical investigated the influences of the flow attack angles for
inclined baffles in a heat exchanger channel. They reported that the rise of the flow attack angle leads to the increase in heat
transfer rate when αo301. Yongsiri et al. [9] studied the effects of inclined detached-ribs in a channel on flow structure and
heat transfer at turbulent regimes, Re¼4000–24,000, with numerical method. They found that the effect of flow attack
angle is insignificant at the low Reynolds number. Muthusamy et al. [10] investigated the effects of the conical cut-out
turbulators (convergent mode and divergent mode) in a circular tube on heat transfer, friction loss and thermal
performance. They concluded that the divergent-mode turbulators at PR¼3 perform the maximum heat transfer rate
around 315%. Kongkaitpaiboon et al. [11] presented the heat transfer and flow structure in a heat exchanger tube with
circular-ring turbulators. They found that the heat transfer is around 57–195% for using the circular-ring turbulators. Bopche
and Tandale [12] experimental investigated the influences of the U-shaped turbulators in a solar air heater channel for
Re¼3800–18000. They reported that the enhancements are around 2.82 and 3.72 times higher than the smooth channel for
heat transfer and friction loss, respectively. The literature reviews for turbulators in heat exchanger channels were reported
by Alam et al. [13,14].
According to literature reviews above, the use of inclined baffle, diamond-shaped baffle, helical baffle and V-baffle can
help to improve the thermal performance and heat transfer rate in heating channels. It is found that the V-shaped baffle
performs the best thermal performance in comparison with the other shapes, especially, V-tip pointing downstream. In this
present work, the double V-shaped baffles are installed in the square channel on both the upper and lower walls with in-
line arrangement and each V-tip pointing downstream. The use of double V-shaped baffles is a main aim to generate vortex
flows, impinging jet flow and also help to better heat transfer distributions over the test channel.2. Flow descriptions
2.1. Double V-baffle geometry and arrangement
The channel configuration and computational domain for the double V-baffles which placed on both the upper and lower
walls in a square channel are displayed in Fig. 1. The 301 double V-baffles are arranged with in-line and V-tip pointing
downstream. The fully-developed periodic; velocity field and thermal profile repeat itself from one module to another, apply
to the numerical domain [15]. The influences of blockage ratios (b/H, BR¼0.05–0.25) and pitch ratios (L/H, PR¼1–2) are
investigated. Due to this investigation aims to study preliminary results to improve heat transfer and performance, which
using the double V-shaped baffles, therefore, the laminar regime (Re¼100–1200) are used in the computational domain.
Fig. 1. Channel geometry and computational domain of periodic flow for double V-baffles.
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The inlet and outlet of the computational domain are set as periodic boundaries. The air with a constant mass flow rate is
set at 300 K. The properties of the test fluid are assumed to remain constant at average bulk temperatures. The channel walls
and the double V-baffles are set as impermeable boundary and no-slip wall conditions. The channel walls are maintained at
310 K while the double V-baffles are set as the adiabatic wall condition.2.3. Grid system
The three different grid numbers; 85,600, 125,500 and 245,600 cells are used for the grid independent test. It is found
that the variations in Nu and f values for the 301 double V-baffles at PR¼1, Re¼800 and BR¼0.20 is less than 0.25% when
rising the number of cells from 125,500 to 245,600. The grid system of 125,500 cells is adopted for the current
computational domain considering on both convergent time and solution accuracy.3. Mathematical foundation
The assumptions of the computational domain for this work are as follows: Three-dimensional, steady, laminar and incompressible air flow.
 The flow and heat transfer in the channel are fully developed periodic.
 Constant air properties.
 Body forces and viscous dissipation are ignored.
 Negligible radiation heat transfer.The numerical domain is solved by Navier–Stoke equations. The energy equation and governing equations are discretized
by QUICK scheme and power law scheme, respectively, and decoupling with the SIMPLE algorithm. The solutions are
considered to be converged when the normalized residual values are less than 106 for all variables except for the energy
equation set to be converged at less than 109 [16].
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enhancement factor.
Re¼ ρuD=μ ð1Þ
The friction factor, f is computed by pressure drop, Δp across the length of the periodic channel, L as
f ¼ ðΔp=LÞD
1
2 ρu
2 ð2Þ
The heat transfer is measured by the local Nusselt number which can be written as
Nux ¼
hxD
k
ð3Þ
The average Nusselt number can be obtained by
Nu¼ 1
A
Z
Nux∂A ð4Þ
The thermal enhancement factor (TEF) is defined as the ratio of the heat transfer coefficient of an augmented surface, h to
that of a smooth surface, h0, at an equal pumping power and given by
TEF ¼ h
h0

pp
¼ Nu
Nu0

pp
¼ ðNu=Nu0Þ=ðf =f 0Þ1=3 ð5Þ
where, Nu0 and f0 stand for Nusselt number and friction factor for the smooth duct, respectively.
4. Results and discussion
4.1. Accuracy validation
The verifications of the domain are done by comparison between the values from the present predictions and the exact
solutions [17] on both the Nusselt number and friction factor. It is found that the results are found to be in excellent
agreement with in 70.5% deviation on both the Nusselt number and friction factor. The exact solutions of the Nusselt
number and friction factor are shown as Eqs. (6) and (7), respectively, for the isothermal-wall smooth channel.
Nu0 ¼ 2:98 ð6Þ
f 0 ¼ 57=Re ð7ÞFig. 2. Streamlines in transverse planes for BR¼0.2 and PR¼1 at Re¼800.
Fig. 3. (a) Streamlines in transverse planes at A1–A5, (b) Velocity scale in transverse planes at A1–A5 and (c) flow diagram of plane A3 for BR¼0.2 and
PR¼1 at Re¼800.
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Fig. 4. Streamlines of impinging jet of cells on (a) BR¼0.05 (b) BR¼0.15 and (c) BR¼0.25 (d) description of flow for BR¼0.25, at Re¼800 and PR¼1.
Fig. 5. Temperature contours in transverse planes for BR¼0.2 and PR¼1 at Re¼800.
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The flow characteristics in the square channel with double V-baffles placed on both the upper and lower walls with in-line
arrangement are presented in terms of streamlines in transverse planes and streamlines impinging jet on the channel walls as
Figs. 2–4.
Fig. 2 shows the streamlines in transverse planes for the double V-baffles at BR¼0.20, PR¼1 and Re¼800. It is found that
the use of double V-baffles can create eight main vortices as planes A1–A5. The details of streamlines in transverse planes,
velocity scale in transverse planes and the diagram of flow structure are displayed in Figs. 3(a-c), respectively. The vortex
flows which created by the double V-baffles lead to better mixing of the test fluid and help to increase in heat transfer
distributions over the channel. In addition, the variations of BR and PR have no effect of the flow pattern, but results in the
level of the vortex strength. The rise of BR and reducing the PR result in higher levels of vortex intensity.
The streamlines impinging jet on the channel walls are displayed as Figs. 4a, b and c for BR¼0.05, 0.15 and 0.25,
respectively, at Re¼800 and PR¼1 while the description of flow structure is depicted in Fig. 4d. As the figures, it is found
that the double V-baffles induce the combination flow between the flow configurations of V-Downstream and V-Upstream.
In the middle of the lower wall, the streamlines jet likes creating from V-Upstream, impinges on the lower wall lead to
higher heat transfer rate than other regimes. On sidewall region, the streamlines jet that similar as V-Downstream flow,
bounces at the sidewall of the channel.4.3. Heat transfer
The heat transfer characteristics of the double V-baffles vortex generators in the square channel are presented in terms of
temperature contours and Nux contours as Figs. 5–7.
Fig. 5 shows temperature contours in transverse planes of the double V-baffles at BR¼0.2, PR¼1 and Re¼800. As the figure, the
use of double V-baffles can create a better mixing of fluid temperature between the middle and the sidewalls of the square channel.
It is noted that the layer of the high temperature near the wall perform lower for all of the transverse planes.Fig. 6. Nux Contours for (a) BR¼0.05, (b) BR¼0.10, (c) BR¼0.15, (d) BR¼0.20 and (e) BR¼0.25 at Re¼800 and PR¼1.0.
Fig. 7. Nux Contours for (a) PR¼1.00, (b) PR¼1.25, (c) PR¼1.50, (d) PR¼1.75 and (e) PR¼2.00 at Re¼600 and BR¼0.2.
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appeared that the higher of BR and reducing the PR result in the rise of heat transfer rate, causing the better mixing of the
fluid flow for the double V-baffles and intensity of the vortex strength.
4.4. Performance evaluation
The performance evaluations are considered in three parts; heat transfer, pressure loss and thermal performance in
terms of Nu/Nu0, f/f0 and TEF, respectively. In general, the Nu/Nu0 and f/f0 tend to increase with the rise of Reynolds number
for all cases.
The influence of the blockage ratio is presented in Fig. 8(a-c) for heat transfer, friction factor and thermal performance,
respectively. As the figures, the rise of BR leads to the increase in heat transfer rate and pressure loss. Over range studies, the
enhancements are found to be around 1–10.4 and 1–75 times higher than the smooth channel for heat transfer rate and
friction factor, respectively. The optimum TEF is around 3.2 at BR¼0.10 and Re¼2000.
The effect of pitch ratio is shown in Figs. 9(a-c) for heat transfer, friction factor and thermal performance, respectively. As
the results, the reduction of the PR provides the rise of the Nussel number for all cases. The PR¼1 performs the maximum
on the Nusselt number ratio, friction factor ratio and thermal enhancement factor around 9, 37.5 and 2.75, respectively, at
the highest Reynolds number.
5. Conclusion
Mathematical investigations for laminar forced convection heat transfer, flow characteristics and thermal enhancement factor in
a square channel with in-line double V-baffles vortex generator are presented for Re¼100–1200, BR¼0.05–0.25 and PR¼1.00–2.00.
The use of the double V-baffles provides significant augmentation on heat transfer by causing the better mixing of fluid flow and
impinging jet over the channel walls. The main finding of this investigation can be summarized as follows: The double V-baffles can induce impinging flow over the test channel that lead to higher heat transfer rate and thermal
performance than the smooth square channel.
Fig. 8. Effect of BR (a) Nu/Nu0 vs Re, (b) f/f0 vs Re and (c) TEF vs Re.
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Downstream vortex flows which perform better distribution of heat transfer and also decreasing dead zones or non heat
transfer regime, especially, at the edges of the square channel.
Fig. 9. Effect of PR (a) Nu/Nu0 vs Re, (b) f/f0 vs Re and (c) TEF vs Re.
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 In range studied, the heat transfer rate and pressure loss are found to be around 1–10.5 and 1–75 times over the smooth
square channel with no double V-baffle, respectively, depended on BR, PR and Re.
 The optimum TEF is about 3.2 at BR¼0.1, PR¼1 and Re¼1200 for using the double V-baffles.
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